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Abstract: Bioretention systems are a popular type of Sustainable Drainage System (SuDS). However,
their largest single component, the fill media, is often a non-sustainably sourced material. This
study evaluates a bioretention fill media comprising 100% recycled waste components. The fill
media components come from multiple waste streams, quarry waste from the construction sector,
crushed glass and green waste compost from domestic waste, and sugar-beet washings from the
food processing sector. The hydraulically important physical characteristics of the recycled fill
media were evaluated against reported literature examples of bioretention fill media, alongside
UK and international guidance documentation. The particle size distribution of the recycled fill
media was found to be unlike that seen in the literature and was also not compliant with the UK’s
CIRIA ’The SuDS Manual’ guidance (d ≥ 6 mm = 45% vs. 0% target). However, this did not
result in any additional non-compliance, with laboratory-derived saturated hydraulic conductivity
(Ks = 101 mm/h) and porosity (φ = 44%) within recommended ranges (100 ≤ Ks ≤ 300 mm/h,
φ > 30%). SWMM was used to predict the performance of a bioretention system installed with the
recycled fill media compared to UK guidance configured systems. It was found that the recycled
fill media would have similar performance to a UK guidance compliant system, irrespective of its
particle size distribution. Further work is required to validate the predicted performance of the
recycled media.
Keywords: bioretention; hydrological performance; growing media; recycled waste; physical characteristics
1. Introduction
1.1. Background
‘Bioretention Systems’ are one type of Sustainable Drainage System (SuDS)—which
sit under the wider Green Infrastructure (GI), Low Impact Development (LID) or Nature
Based Solutions umbrella terms—in which vegetation and an engineered soil media are
used to filter stormwater contaminants and sediments, and reduce stormwater volumes
and flow rates [1]. A generic bioretention system will typically comprise: a vegetation layer
set within a ponding zone; a fill media layer for water storage, filtration and plant support;
and a drainage layer (Figure 1).
Traditional bioretention media is a mixture of 30–60% sand, 20–30% soil and 20–40%
organic matter by volume [2–4]. The media is typically chosen to support plant life, and the
texture (particle and pore size distributions) and hydraulic conductivity of the fill media
govern its hydrological performance. The drainage layer facilitates the exfiltration of water
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to underlying soils (where exfiltration is permitted) or to the underdrain (where present).
Bioretention system complexity may be increased by: incorporating transition layers
between the fill media and drainage layers to prevent washout of material [5]; utilising
a layered fill media with components designed for specific contaminant treatment [6];
creating internal water storage zones (IWS) which may remain saturated to promote
anaerobic conditions [7]; or the fitting of outflow restriction devices to meet regulatory
requirements [8]. A mulch layer (typically bark chippings or gravel) may overlie the

















Figure 1. Schematic diagram of an unlined bioretention system with underdrain. Key hydrological
processes are also indicated.
The single largest component, by volume, of a typical bioretention system is the fill
media. The fill media’s porosity provides the storage capacity for retaining stormwater
such that it can be returned to the atmosphere via evapotranspiration (ET). In a lined
bioretention system (where exfiltration is not permitted), ET is the only mechanism by
which outflow volumes can be reduced. In a system with an unrestricted outlet, the fill
media provides the only hydraulic control on outflow rates. The rate of water movement
through the fill media is governed by two hydrological processes: the infiltration of water
into the media surface; and the percolation of water through the fill media (Figure 1).
Both of these processes are dictated by the fill media pore size distribution, which is an
intrinsically difficult property to characterise. As such, more easily characterised properties
resulting from the pore size distribution are often used to evaluate these processes, with the
most commonly used being saturated hydraulic conductivity.
1.2. Sustainably-Sourced Fill Media
There are numerous global drivers for increasing the sustainability of construction
materials, whether that be to meet net-zero carbon targets [10] or to prevent materials being
sent to landfill [11]. As bioretention media comprise a mixture of sands, natural soils and
organic matter, there is potential for significant natural resources to be consumed in their
creation. In 2016, an estimated 51 million tonnes of excavation waste was generated by
quarrying and construction activity in the UK [12]. Of this, only 11 million tonnes was
recycled into new construction products.
There has been significant research into using recycled waste products to act as
stormwater quality improvers, with varying success [13]. The waste products considered
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for incorporation within bioretention media have included: water treatment residual;
coal ash; steel slag; amongst others. However, there has been less exploration of waste
products as the main mineral component of bioretention fill media. Rahman et al. [11]
concluded that appropriately processed reclaimed asphalt and crushed brick met the
stringent requirements of various environmental protection authorities. It was therefore
recommended that recycled waste materials could be reused viably as alternative mineral
components in bioretention systems [11].
Moore and Hunt [14] identified the majority of embodied carbon in bioretention
systems was from the transport of materials and construction of the system and not
the construction materials themselves. However, the carbon sequestration potential of
bioretention led to a prediction of the system being net carbon negative after 30 years of
operation [14]. If the embodied carbon of the construction materials could be lowered,
by incorporating locally-sourced recycled components, then the system would become net
carbon negative earlier in the system’s design life.
Whilst the benefits of using recycled waste products in bioretention systems are clear,
it may be more difficult to ensure consistent hydrological performance between individual
systems given the variability that may exist in waste product quality over time and with
geographical availability. A robust characterisation and performance prediction framework
needs to be established to build confidence in waste-derived bioretention media.
1.3. Predicting Hydrological Performance
Stormwater engineers need to understand how bioretention systems respond to both
routine and extreme rainfall events. Considerable research effort has been invested in
recent years to monitor the hydrological performance of installed bioretention devices in
the field [3,4,8,15–17]. The data derived from such studies provide useful indications of
hydrological performance, but they are often limited by: (i) being locally specific in terms
of both system components and climate; and (ii) monitoring periods that are often too short
to provide clear evidence about performance in high return period events, such as those
associated with urban flooding.
For these reasons, stormwater engineers require fit-for-purpose hydrological/hydraulic
modelling tools to simulate the rainfall/runoff behaviour of these devices, including their
performance in response to extreme events. SWMM [18] is the most well-known of the
available open-source modelling tools. As already identified, the fill media is volumetri-
cally the largest single component of any bioretention system, and has an important role
to play in retaining stormwater and detaining runoff. It is therefore not surprising that
rainfall/runoff models, such as SWMM, place considerable emphasis on the role of the fill
media in determining hydrological performance.
To obtain robust predictions of hydrological performance, each of the components of
the bioretention system needs to be comprehensively characterised. These physical charac-
teristics are the input parameters to physically-based models, like SWMM. The resultant
model predictions are therefore only as robust as the techniques used to characterise the
individual bioretention components.
1.4. Aim and Objectives
This study aims to determine the hydrological suitability of a bioretention fill media
whose components are all derived from waste products. This aim is supported by the
following objectives:
• Characterise the hydrologically important physical properties of a bioretention media
comprising 100% recycled waste components;
• Evaluate the physical characteristics of the fill media against global guidance docu-
ments and the established literature;
• Apply the SWMM model to demonstrate the potential hydrological performance of
bioretention media with recycled waste components and compare it to that of systems
based on current UK guidance.
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2. Materials and Methods
2.1. The Fill Media
The fill media for this study was sourced locally within Sheffield, UK, and comprised
100% recycled waste components. The waste components were (by weight): 50% Quarry
Waste Material (5–20 mm); 25% Crushed Recycled Glass; 15% Green Waste Compost; and
10% Sugar-beet Washings (topsoil). The fill media is used extensively throughout Sheffield
in the City Council’s Grey-to-Green retrofit bioretention systems [19] and will henceforth
be referred to as ‘G2G media’ or simply ‘G2G’.
2.2. Physical Characterisation of Fill Media
In the UK, there is no single standard document for the physical characterisation of
bioretention fill media. CIRIA’s SuDS Manual directs readers to specific British Standards
documents for Saturated Hydraulic Conductivity (BS EN ISO 22282-5:2012) [20] (intended
to be determined in-situ post construction), and Porosity (BS 1377-2:1990) [21] whilst not
specifying a methodology for determining Particle Size Distribution (PSD) [1]. Consider-
ably stronger guidance exists for the physical characterisation of other green infrastructure
fill/growing media, predominantly green roofs, with the provision of the German FLL’s
‘Guidelines for the Planning, Construction and Maintenance of Green Roofing’ [22] and the
British BS 8616:2019 ‘Specification for performance parameters and test methods for green
roof substrates’ [23]. Whilst the test methods of BS 8616:2019 are standardised and also
found in separate standards documents, BS 8616:2019 brings them together to characterise
engineered media for green roofs.
The G2G media was characterised using the testing procedures of BS 8616:2019 for:
saturated hydraulic conductivity; porosity; field capacity; particle size distribution; and
bulk density. These tests were conducted in a laboratory environment using fresh samples
of G2G blended from two 1 m3 bags of material. Each test was performed in triplicate,
and results are presented as a mean value ±1 standard deviation. A simplified assessment
of texture was conducted by assessing the mass of fines (<0.063 mm), sand (0.063–2.0 mm)
and gravel (>2.0 mm). This classification is consistent with texture reporting in the ma-
jority of the peer-reviewed literature. The soil water release curve of the G2G media was
determined via the hanging column method as described in ASTM D6836-16 [24] up to
a maximum suction of 100 cm H2O. A fitted bi-modal Durner model [25] was used to
determine the residual moisture content of the media. This residual moisture content has
been assumed to be equal to the permanent wilting point.
2.3. Hydraulic Characterisation Reported in Research Articles
A systematic search using Scopus was undertaken to identify relevant peer-reviewed
journal articles published between January 2005 and April 2021. The search strings “biore-
tention AND water AND quantity”, “bioretention AND hydrological AND performance”,
and “bioretention AND media AND performance” were used to identify 75 unique papers.
From these, 19 papers were discarded because they did not provide textural, hydraulic con-
ductivity, or hydrological performance data in an accessible format. The remaining 56 pa-
pers presented 140 bioretention media examples, 76 from field-scale systems (Table A1),
43 from lab-scale systems (Table A2), and 21 from pilot-scale systems (Table A3). A full list
of studies and media is provided in Appendix A. Each selected media had an associated
texture and/or saturated hydraulic conductivity value. Other key physical characteristics
were extracted where available, including: system surface area; system depth; and whether
the system was lined.
2.4. Hydraulic Characterisation Reported in Guidance Documents
Fill media texture, media depth, and saturated hydraulic conductivity recommenda-
tions were collated from four guidance documents, two from the USA and two from the
rest of the world (Table 1). These locations represent a breadth of international practice
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whilst focusing on areas where there has been extensive academic research into bioretention
system configuration and its effects on hydraulic performance.
Table 1. Comparison of select Existing Global Guidance Documents.
Citation [5] [1] [26] [27]
Reference FAWB CIRIA MD NC
Location Australia UK USA USA
Guidance Level National National State State
Date of last revision 2015 2015 2009 2018
Fill Media Physical Characteristics
Fines (Clay and Silt) d < 0.063 mm % (w/w) <3 <5 40–70 8–15
Sand 0.063 < d < 2.0 mm % (w/w) 94–100 85–100 35–65 75–85
Gravel d ≥ 2.0 mm % (w/w) <3 <10 0 0
Sat. Hydraulic Conductivity Ks mm/h 100–300 100–300 - 25–150
Media depth D mm 400–600 400–1000 750–1200 600–900
2.5. Bioretention Modelling in SWMM
SWMM version 5.1.015 [18] was used to evaluate the hypothetical hydrological per-
formance of the G2G fill media when incorporated into a bioretention system compared
with a CIRIA ‘The SuDS Manual’ [1]-compliant fill media. Each modelled bioretention
system had a surface area of 1 m2 and received inflow from a fully impermeable 9 m2
(9 × 1 m) catchment for a total catchment area of 10 m2, representing a loading ratio of 10:1.
This set-up represents a unit-length of a typical roadside bioretention system installation.
The physical parameters used to define the bioretention systems in SWMM’s ‘LID Control
Editor’ are presented in Table 2.
The surface layer of the bioretention systems was modelled as a flat smooth surface
with no vegetation. This was done to focus on the hydraulic performance of the growing
media alone. Evaporation from the bioretention systems was not considered and set to a
constant value of 0 mm/h. The soil layer of the bioretention system (i.e., fill media layer of
Figure 1) was parameterised with the results of the physical characterisation of the G2G
media or guidance values presented in CIRIA’s ‘The SuDS Manual’ [1] installed to a depth
of 700 mm. This led to three bioretention system configurations being modelled (Table 2),
with the C100 and C300 configurations representing the minimum and maximum guideline
values of saturated hydraulic conductivity. Where guidance values were not provided
the same values as G2G were used. The storage layer of the bioretention systems (i.e.,
drainage layer of Figure 1) was modelled as being 300 mm in depth with a void ratio of a
representative storage media and no exfiltration into the underlying soil (replicating a lined
system). The drain of the bioretention systems was configured to provide no impedance to
outflow, thereby ensuring that the only hydraulic control on flow rate was provided by the
growing media within the soil layer of the model.
Using a 1-min time-step, three simulated 1-hour design storms for Newcastle, UK,
were applied to the bioretention systems with return periods of 10, 30 and 100 years.
Newcastle was chosen for design rainfall as the modelled systems represented a series of
pilot-scale bioretention test beds currently being monitored there at the UKCRIC National
Green Infrastructure Facility [28,29]. The initial moisture content at the onset of simulated
inflow was set to the fill media’s field capacity, creating a detention only scenario with no
initial losses.
The full model initialisation file and required rainfall files are available through The
University of Sheffield’s Online Research Data (ORDA) service [30].
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Table 2. SWMM Model Bioretention System Parameters. Note: C100 and C300 refer to CIRIA guidance values at the lower
and upper permissible limits for Ks.
Parameter Unit G2G C100 C300 Notes
Surface
Berm Height mm 100 100 100 Allowable Ponding design depth
Vegetation Volume Fraction m3/m3 0 0 0 No vegetation
Surface Roughness [-] 0 0 0 Smooth surface
Surface Slope % 0 0 0 Flat surface
Soil
Thickness, D mm 700 700 700 Fill Media design depth
Porosity, ρ m3/m3 0.44 0.44 0.44 From G2G characterisation
Field Capacity, θ f c m3/m3 0.15 0.15 0.15 From G2G characterisation
Wilting Point, θw m3/m3 0.12 0.12 0.12 From G2G characterisation
Conductivity, Ks mm/h 101 100 300 From G2G characterisation and CIRIA guidance
Conductivity Slope [-] 26.1 46.5 46.5 From PSD: 0.48 × (%Sand) + 0.85 × (%Clay)
Suction Head mm 49.8 50.0 34.9 From Ks: 226.44 × K−0.328s
Storage
Thickness mm 300 300 300 Drainage Layer design depth
Void Ratio [-] 0.756 0.756 0.756 Representative value
Seepage Rate mm/h 0 0 0 No exfiltration, lined system
Clogging Factor [-] 0 0 0 Not exploring clogging effects
Drain
Flow Coefficient, C [-] 99,999 99,999 99,999 No impedance to outflow
Flow Exponent, n [-] 0 0 0 No impedance to outflow
Offset mm 0 0 0 Drain at base of system
3. Results
3.1. Fill Media Physical Characteristics
The hydraulically important physical characteristics of the G2G media are presented
in Table 3 and the soil water release curve is presented in Figure 2. A full particle size
distribution is presented in Figure 3. Saturated hydraulic conductivity was highly variable
between the three measurements, with a standard deviation greater than 80% of the mean
value. All other physical characteristics were relatively consistent, with much lower
standard deviations. Porosity was greater than the minimum value of 30% proposed by
the CIRIA guidance [1]. Field capacity values were at the lower end of the range of values
reported in the literature (10–32% [31]); this is likely due to the high gravel content of G2G
compared to other reported bioretention media textures.




mm/h 101 ± 82
Porosity, φ m3/m3 0.443 ± 0.005
Field Capacity, θ f c m3/m3 0.149 ± 0.002
Dry Bulk Density, ρb kg/m3 1171 ± 11
Texture
Fines (d < 0.063 mm) % mass 1.2 ± 0.7
Sand (0.063 < d ≤ 2.0 mm) % mass 42.5 ± 6.9
Gravel (d > 2.0 mm) % mass 56.3 ± 7.0
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Figure 2. Measured Soil Water Release Curve for the G2G media and fitted Durner model. Error bars
represent ±1 standard deviation.
3.2. Comparisons with Guidance Documentation and the Existing Literature
A comparison between the physical characteristics of G2G and suggested value ranges
from the four guidance documents is presented in Figure 3. Figures 4 and 5 summarise the
comparison between the physical characteristics of G2G and examples of fill media found
in the literature.
The mean saturated hydraulic conductivity of G2G is within the suggested range of
three of the four guidance documents (Figure 3a), with MD guidance not stipulating a
specific saturated hydraulic conductivity range. Permissible conductivity for MD is instead
indicated by means of an acceptable draw-down time for the ponding zone [26]. The
saturated hydraulic conductivity of G2G sits within, but toward the lower end of, the range
of values presented in the literature and most closely matched examples found in field-scale
studies (Figure 4a). These field-scale studies report reduced values of saturated hydraulic
conductivity compared to lab- and pilot-scale studies. This difference may highlight the
inability of lab- and pilot-scale studies to robustly represent the physical properties of
fill media in field-scale systems. It should also be noted that lab-scale studies may have
explicitly explored ’non-compliant’ media, as this study does, whereas field-scale systems
are likely to have been installed following available local guidance. This may also account
for some of the differences observed between lab- and field-scale results in the literature.







































































































Figure 3. Comparison of G2G and Guidance Document ranges for: (a) Saturated Hydraulic Conduc-
tivity, with G2G plotted as mean ±1 standard deviation; (b) media depth, with G2G plotted as a
single value; and (c) particle size distribution (plotted at the middle of the allowable range; linear
interpolation of data is presented on the logarithmic x-axis).
The chosen depth of G2G for simulation (700 mm) conforms to the CIRIA and NC
guidance only (Figure 3b). However, the minimum suggested depth of the MD guidance is
750 mm, so the simulation depth is considered acceptable. The low media depths in the
FAWB guidance are to permit retrofit into roadside environments that may already have
utility ducting installed [5], a scenario not considered herein. A fill media depth of 700 mm
is a typical depth seen in the literature across all study types (Figure 4b). Field-scale studies
exhibit higher values of media depth, which is likely a result of lab- and pilot-scale studies
being microcosms of larger systems.
The particle size distribution of G2G diverges notably from guidance values. Figure 3c
demonstrates that G2G is dominated by particles in excess of 6 mm in diameter (44.5%
by mass). All guidance documents, except MD, suggest that material greater than 6 mm
in diameter should be minimal to none. This low gravel content is to maximise the
porosity of the fill media and therefore the volume available for water storage. The high
percentage of material greater than 6 mm in diameter for G2G is due to the quarry waste
component, where particle sizes can be up to 50 mm in diameter. The level of fines
(d < 0.063 mm) in G2G is lower than all guidance documentation, further demonstrating
the non-compliant PSD. However, a low fines content is desirable to ensure free drainage
and provide resilience against sediment deposition.
Figure 5 demonstrates that the high gravel content of G2G is not seen in the majority
of the literature fill media examples. The fines content of G2G is low in comparison to other
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media despite being in-line with the majority of guidance documentation. Classifying liter-
ature sources by study type—whether they are field-, lab- or pilot-scale studies—highlights
these key differences in the G2G media texture from literature examples (Figure 4). The
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Figure 4. Comparison of G2G and literature examples of fill media physical characteristics: (a) sat-
urated hydraulic conductivity; (b) media depth; and (c) media texture, fines (<0.063 mm), sand
(0.063–2.0 mm) and gravel (>2.0 mm).
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Figure 5. Comparison of G2G and literature examples of fill media composition by particle size class.
Fines (<0.063 mm), sand (0.063–2.0 mm) and gravel (>2.0 mm).
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3.3. Potential Hydrological Performance (SWMM Model)
The hydraulic responses of the three trialled bioretention configurations (Table 2)
during a 60-min 10-year return period rainfall event (M10-60) for Newcastle, UK, are pre-
sented in Figure 6. The design storm is symmetrical, with a peak intensity of 1.43 mm/min.
The inflow to the bioretention systems can be seen to closely resemble the profile of the
design rainfall (Figure 6a), with a temporal shift in peak inflow by two minutes from
the peak design rainfall due to overland flow routing across the impervious catchment
(Figure 6b). The outflow profiles of the G2G and C100 system configurations are nearly
identical, thus suggesting that the performance of G2G is consistent with a CIRIA compli-
ant fill media. This is due to the very similar values of saturated hydraulic conductivity
(101 vs. 100 mm/h). The higher saturated hydraulic conductivity of the C300 configuration
(300 mm/h) leads to a much earlier and higher peak runoff than the other two trialled
configurations. These outflow data suggest that saturated hydraulic conductivity is a
dominant factor in predicting the overall hydraulic performance of the system. Hence,
the non-compliant particle size distribution of G2G leads to no discernible difference to the
in-storm hydraulic response.
Inflow to the bioretention systems becomes greater than the infiltration capacity of the
fill media from 22 min after the onset of rainfall (for G2G and C100), causing water to pond
at the surface of the bioretention system (Figure 6c). Infiltration capacity is also exceeded
in the C300 configuration from 27 min after the onset of rainfall. This ponding leads to a
short sharp overflow peak for the G2G and C100 configurations with their lower saturated
hydraulic conductivity 40 min after the onset of rainfall (Figure 6d). The higher saturated
hydraulic conductivity of the C300 configuration allows the system to contain the inflow to
the ponding zone, resulting in no overflow.
Ponding begins to occur prior to saturation of the fill media for all bioretention
configurations (Figure 6e), thus demonstrating that the infiltration rate is the limiting
factor for outflow during this scenario. The higher saturated hydraulic conductivity of the
C300 configuration permits fill media moisture content to rise more rapidly than for either
C100 or G2G. The rate of moisture loss after the peak in moisture content is governed by
the fill media’s hydraulic conductivity function. It is during this period of moisture loss
that differences in performance emerge between the C100 and G2G configurations. The
shallower hydraulic conductivity function gradient of G2G leads to higher values of soil
percolation at moisture contents below saturation. This permits the G2G configuration to
recover 13.5% of absolute storage in the first 70 min after peak moisture content, compared
with the 10.5% of C100.
When the rainfall intensity is increased, as per a 60-min duration 30-year return period
event, the restrictive infiltration rate of all configurations leads to greater overflow volumes.
The same is true for the 100-year return period event. Plots of the model response to these
rainfall events are presented in Appendix B.
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Figure 6. Modelled hydraulic response of bioretention systems in response to a 10-year return period
60-min duration storm event for Newcastle, UK. (a) Rainfall depth; (b) system inflow and outflow;
(c) ponding height; (d) overflow; and (e) volumetric water content (VWC) of the fill media.
4. Discussion
4.1. Uncertainties of Test Methods and Implications for Predicted Performance
For the majority of the physical characteristics identified in Table 3, there is a low
standard deviation between the characterised replicates (<10% of identified mean). How-
ever, for saturated hydraulic conductivity, the standard deviation is >80% of the mean
value. The modelling exercise has revealed that predicted performance is more sensitive to
saturated hydraulic conductivity than to the media’s particle size distribution.
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The model’s sensitivity to saturated hydraulic conductivity is further demonstrated
in Figure 7 by means of a sensitivity analysis. A saturated hydraulic conductivity of
19 mm/h (Ks − σ) leads to heavily restricted infiltration, causing high volumes of inflows
to overflow (35%). This is in contrast to the modest overflow of the mean saturated
hydraulic conductivity value (101 mm/h, 3% overflow) and for Ks + σ (183 mm/h) where
there was no overflow. This variation in the physically characterised saturated hydraulic
conductivity leads to very different design outcomes, with the system failing (causing
overflow) for two of the three scenarios.
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Figure 7. Modelled hydraulic response of the G2G bioretention system with mean saturated hydraulic
conductivity (Ks), mean saturated hydraulic conductivity minus 1 standard deviation (Ks − σ) and
mean saturated hydraulic conductivity plus 1 standard deviation (Ks + σ) in response to a 10-year
return period 60-min duration storm event for Newcastle, UK. (a) Rainfall depth; (b) system inflow
and outflow; (c) ponding height; (d) overflow; and (e) volumetric water content (VWC) of the
fill media.
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Saturated hydraulic conductivity is an inherently difficult physical property to charac-
terise repeatedly. This is made more difficult by the heterogeneous nature of bioretention
fill media, and in particular the G2G media with its high content of particles greater than
6 mm in diameter. Saturation can lead to the creation of preferential flow paths that may
strengthen or degrade with repeat testing, and these pathways are unlikely to exist between
separate samples of the same fill media. In field-scale bioretention systems, the saturated
hydraulic conductivity is likely to vary significantly across a system’s surface owing to
differences in sediment deposition, vegetation root growth and fill media compaction. As a
result of the above processes, the values of saturated hydraulic conductivity are also liable
to change over time. For these reasons, lab-derived saturated hydraulic conductivity values
in this study may be different to in-situ characterisations. There is a need to understand
the magnitude of any discrepancy between the lab- and field-scale characterisations with
the impacts this may have on predicted hydrological performance.
Sensitivity of the SWMM model to other system physical characteristics was explored
by Fassman–Beck and Saleh [32], where it was highlighted that there is also a strong
sensitivity to fill media porosity and field capacity. All trialled configurations in this
study used the same porosity and field capacity value due to these properties being
difficult to predict from the available guidance data. However, in a separate analysis (not
shown here) it was found that a 20% increase in porosity and field capacity for the CIRIA-
compliant configurations (decreased particle sizes typically leads to increased porosity) led
to only modest improvements in in-storm hydraulic performance. The improvement in
performance was limited (particularly for the C100 configuration) by the value of saturated
hydraulic conductivity. as this is the clear governor of in-storm hydraulic performance,
coupled with the design storm scenario which was established to predominantly explore
detention performance. It is anticipated that porosity and field capacity changes may make
more difference to retention performance of bioretention systems, provided there is the
means to recover the available storage between rainfall events.
The SWMM model utilises many widely accepted simplifications of physical processes
(e.g., Green Ampt infiltration, log-linear unsaturated hydraulic conductivity functions),
which creates a one-dimensional representation of these processes. Therefore, an average
value of media characteristics is likely to provide a central estimate of potential perfor-
mance. Deviation around this central estimate is heavily dependent on confidence in
the characterised physical property values. Stormwater engineers therefore need to be
conscious of this uncertainty as, at least in the above scenario for saturated hydraulic
conductivity, it can mean the difference between a successful and unsuccessful design.
4.2. Deviation from Guidance and Implications for Predicted Performance
The G2G fill media diverges from CIRIA guidance for particle size distribution. How-
ever, this does not lead to non-compliance for other hydraulically important physical
characteristics, with saturated hydraulic conductivity and porosity in the allowable ranges.
When the laboratory-derived physical characteristics of G2G are used to compare predicted
performance to a CIRIA-compliant media, there is little divergence in performance for sim-
ilar values of saturated hydraulic conductivity even with differing values of conductivity
slope as defined by the fill media’s particle size distribution (Figure 6, G2G vs. C100).
In reality the fill media’s role is not just to provide a hydraulic function, but also to
support vegetation, filter sediments and provide water quality benefits (amongst other
design objectives). The G2G fill media exhibits a faster drainage rate (unsaturated hydraulic
conductivity) than the lowest conductivity CIRIA configuration which may induce water
stress in the vegetation more rapidly than is desirable. This faster drainage rate may also
reduce residence times, reducing the treatment potential for water quality benefits. As with
all forms of GI, there is a need to balance the physical characteristics of bioretention fill
media to meet the desired design objectives. Visual inspection of Sheffield City Council’s
mature bioretention systems, installed with the G2G fill media, would suggest that it is more
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than capable of supporting a wide array of vegetation, with no reported sedimentation or
clogging issues or concerns raised after five years of operation.
GI and SuDS are inherently more flexible than conventional hard-engineering solu-
tions, but such flexibility creates a more challenging drainage design environment. Whilst
guidance documentation is a useful starting point for design, in a UK context this guidance
is not a set of definitive values, and stormwater engineers are free to specify alternative
fill media (or other physical configurations) provided its performance conforms to local
authority drainage design specifications. This freedom allows stormwater engineers to
create designs that meet project-specific design objectives and maximise other low carbon
goals including recycled materials. Ultimately, stormwater engineers need to be equipped
with robust modelling tools such that they are able to confidently predict the performance
of unique bioretention systems to meet stormwater management regulations.
4.3. Enhanced Predictions of Performance
There are several monitoring studies in the literature that report summary perfor-
mance metrics [2,33–37] which provide limited predictive value for future storm events.
However, the collected monitoring data are invaluable for validating and refining model
capabilities, particularly where high temporal resolution (e.g., 5-min time steps or smaller)
rainfall/inflow and outflow data are available alongside detailed characterisations of the
growing media (and other physical configuration details). Model developers should be
encouraged to validate their tools against as wide a range of these real data sets as possible.
Monitoring studies can also provide useful assessments of continuous performance
over time and hydraulic responses to varying rainfall intensities. Data of this type are
valuable in transitioning design practices from single storm pass/fail assessments of
performance (like that presented here) to more progressive long-term assessments of
performance which properly account for inter-event design processes. To use these con-
tinuous assessments of performance in design requires even greater confidence in the
modelling approaches of complex soil/water/air interactions. This confidence can only
be provided by well executed long-term monitoring studies and further validation of
modelling approaches.
The authors are conscious of the uncritical application of the SWMM model in this
study to demonstrate differences in performance between various bioretention configu-
rations. The SWMM model calculations are based on saturated hydraulic conductivity,
using simplified laws derived from conventional soils to estimate unsaturated hydraulic
conductivity (K). The (unsimplified) laws that estimate K from Ks have been repeatedly
shown to perform poorly for engineered media, and the simplified equations implemented
in SWMM introduce further uncertainties into model predictions. Therefore, whilst we
can show that SWMM is sensitive to the value of Ks, we do not yet have the evidence to
confirm that the model predictions are reasonable.
As part of a wider study, a pilot-scale bioretention test facility has been established to
provide the required monitoring data such that a validation of the SWMM model, and/or
alternative models, can be conducted for a system installed with the G2G fill media [28,29].
It is anticipated that this ongoing work will lead to enhanced predictions of performance
compared to those presented here.
5. Conclusions
A bioretention media composed entirely of recycled waste components was evaluated
against reported media configurations in the literature, alongside UK and international
guidance documentation, to determine its suitability. The particle size distribution was
found to be non-compliant with UK guidance due to material greater than 6 mm in
diameter as a result of included quarry waste. However, this did not lead to further
non-compliance in other hydraulically important physical characteristics with laboratory-
derived saturated hydraulic conductivity and porosity being within permitted ranges. The
recycled fill media had physical characteristics largely in-line with those reported for other
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bioretention studies, with the exception of the high gravel content (particles greater than
2 mm in diameter).
Predictions of hydraulic performance in response to a design storm rainfall were
facilitated using SWMM. These predictions indicated that the non-compliant particle size
distribution led to minimal differences in performance compared to a UK guidance compli-
ant media. The SWMM modelling exercise also highlighted a much stronger sensitivity
to values of saturated hydraulic conductivity than to particle size distribution. Levels of
uncertainty were highest in the physical measurement of saturated hydraulic conductivity
which, when combined with the model sensitivity to saturated hydraulic conductivity, can
lead to large variations in predicted performance.
This study has highlighted a continued need for bioretention monitoring data to de-
velop and validate more robust modelling tools. Using these more robust tools, stormwater
engineers will have more confidence in using non-compliant media (like that presented
here) when the resultant hydraulic performance requirements are met.
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Appendix A. Bioretention Fill Media in the Literature
Table A1. Media Characteristics and Hydrological Performance of Field Scale Bioretention Systems.
ID Citation Reference Location Fines 1 Sand 2 Gravel 3 KS A d (m) Lined?
% % % mm/h m2 m
F1 [2] RG1 USA 16 84 0 126 9 0.6 Y
F2 RG2 USA 16 84 0 103 9 0.6 Y
F3 [7] G2 USA - - - 396 10 1.2 N
F4 C1 USA - - - 76 9 1.2 N
F5 [38] Cell A USA - - - - 28 1.2 Y
F6 Cell B USA - - - - 28 0.9 Y
F7 [9] - USA 30 70 0 5 144 1.4 N
F8 [3] Hall Marshall USA 6 94 0 11 229 1.2 N
F9 [15] RG1 Nor 7 93 0 - 1 0.5 Y
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Table A1. Cont.
ID Citation Reference Location Fines 1 Sand 2 Gravel 3 KS A d (m) Lined?
% % % mm/h m2 m
F10 [39] Burnsville USA - - - 468 28 1.2 N
F11 RWMWD#4 USA - - - 144 29 1.2 N
F12 RWMWD#5 USA - - - 29 59 1.2 N
F13 UM—St Paul USA - - - 104 67 1.2 N
F14 Cottage Grove USA - - - 720 70 1.0 N
F15 RWMWD#1 USA - - - 194 147 1.2 N
F16 Thompson Lake USA - - - 191 278 1.2 N
F17 UM—Duluth USA - - - 58 1350 0.5 N
F18 [40] Monash Aus - - - - 45 0.7 Y
F19 McDowall Aus - - - - 20 0.4 N
F20 [41] Cell CP USA 20 80 0 - 181 0.8 N
F21 Cell SS USA 46 54 0 - 102 0.9 N
F22 [42] G1 USA - - - - 25 1.2 N
F23 G2 USA - - - - 24 1.2 N
F24 L1 USA - - - - 16 0.6 N
F25 L2 USA - - - - 10 0.6 Y
F26 [43] - USA - - - - 409 0.8 N
F27 [44] North Cell USA - - - 150 102 0.6 N
F28 South Cell USA - - - 150 102 0.9 N
F29 [33] - USA 9 91 0 120 7 0.5 N
F30 [45] 80c/20s/0t USA - - - 466 - 0.8 N
F31 20c/50s/30t USA - - - 20 - 0.8 N
F32 [46] - USA - - - - 400 0.3 N
F33 [4] 0.6 m USA 13 87 0 13 425 0.6 N
F34 0.9 m USA 13 87 0 - 300 0.9 N
F35 SCL Cell 0.6 IWS USA - - - - - 1.0 N
F36 SCL Cell 0.3 IWS USA - - - - - 1.0 N
F37 Sand Cell 0.6 IWS USA - - - - - 1.0 N
F38 Sand Cell 0.3 iWS USA - - - - - 1.0 N
F39 [47] - NZ - - - 224 200 0.6 Y
F40 [34] 0.6 Repaired USA 13 87 0 45 322 0.6 N
F41 0.9 Repaired USA 13 87 0 45 226 0.9 N
F42 [48] - Can 55 45 0 - 32 1.2 N
F43 [49] Site 1 USA 43 57 0 81 - - -
F44 Site 2 USA 42 58 0 26 - - -
F45 Site 3 USA 15 85 0 34 - - -
F46 Site 4 USA 13 87 0 171 - - -
F47 Site 5 USA 12 88 0 391 - - -
F48 Site 6 USA 11 89 0 15 - - -
F49 Site 7 USA 6 94 0 32 - - -
F50 [35] AB USA 65 35 0 29 27 - N
F51 FGH USA 65 35 0 29 19 - N
F52 [8] - Can 7 93 0 684 250 1.3 N
F53 [50] - USA 37 63 1 - 10 1.2 Y
F54 [16] - China - - - - 165 1.0 N
F55 [51] 1 Aus - - - 180 7 0.9 Y
F56 2 Aus - - - 180 7 0.9 Y
F57 3 Aus - - - 180 7 0.9 Y
Water 2021, 13, 2014 18 of 24
Table A1. Cont.
ID Citation Reference Location Fines 1 Sand 2 Gravel 3 KS A d (m) Lined?
% % % mm/h m2 m
F58 [52] BRC Media USA 8 87 5 - 19 0.6 N
F59 [53] - USA 46 54 0 - 102 0.9 N
F60 [36] RIS Nor 25 75 0 50 40 0.8 Y
F61 L34B Nor 26 74 0 525 6 - N
F62 NB21 Nor 23 77 0 315 1 0.8 N
F63 [54] UC USA 13 87 0 168 182 0.6 N
F64 HA South USA 12 88 0 100 57 0.8 N
F65 HA North USA 12 88 0 100 79 0.9 N
F66 [55] - China 89 11 0 - 24 0.5 Y
F67 [56] 2008 USA - - - - 35 1.8 Y
F68 2013 USA - - - - 35 1.8 Y
F69 [57] VL USA - - - - 4 0.6 Y
F70 VH USA - - - - 4 0.6 Y
F71 VH RR USA - - - - 4 0.6 Y
F72 VH SM USA - - - - 4 0.6 Y
F73 VH SM RR60 USA - - - - 4 0.6 Y
F74 [58] EC2 USA 27 13 60 - 18 0.6 N
F75 EC3 USA 16 84 0 - 18 0.6 N
F76 [37] - USA 0 100 0 1300 55 0.8 Y
Min 0 11 0 5 1 0.3
Median 16 84 0 120 29 0.9
Max 89 100 60 1300 1350 1.8
1 < 0.063 mm; 2 0.063 < d < 2.0 mm; 3 > 2.0 mm.
Table A2. Media Characteristics of Lab Scale Bioretention Trials.
ID Citation Reference Location Fines 1 Sand 2 Gravel 3 KS d
% % % mm/h m
L1 [59] Sand I USA 5 95 0 504 1.1
L2 Sand II USA 8 92 0 4890 1.1
L3 Soil I USA 34 66 0 168 1.1
L4 Soil II USA 21 79 0 570 1.1
L5 Soil III USA 29 71 0 240 1.1
L6 [60] Soil I USA 4 96 0 440 0.1
L7 Soil II USA 2 98 0 717 0.1
L8 [45] 100c/0s/0t USA - - - 184 -
L9 0c/100s/0t USA 0 100 0 260 -
L10 0c/0s/100t USA - - - 17 -
L11 80c/20s/0t USA - - - 456 -
L12 20c/50s/30t USA - - - 47 -
L13 50c/50s/0t USA - - - 55 -
L14 35c/65s/0t USA - - - 70 -
L15 [61] BSM USA 22 78 0 - 0.1
L16 LFBSM USA 15 85 0 - 0.1
L17 [62] BSM USA 5 85 10 1217 0.6
L18 [63] TerraSolve USA 5 95 0 - 0.6
L19 Biofilter USA 9 91 0 - 0.6
L20 VT Mix USA 8 92 0 - 0.6
L21 [64] CMA NZ 0 67 33 831 0.6
L22 CMB NZ 2 51 47 1528 0.6
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Table A2. Cont.
ID Citation Reference Location Fines 1 Sand 2 Gravel 3 KS d
% % % mm/h m
L23 [65] S1 Swe 0 90 10 - 1.2
L24 S2 Swe 5 92 3 - 1.2
L25 [66] PumSan NZ 1 85 14 2736 -
L26 PumSan + 10%Cmp NZ 2 86 13 2988 -
L27 MarSan NZ 0 100 0 792 -
L28 MarSan + 10%Cmp NZ 0 99 1 864 -
L29 MarSan + 20%Cmp NZ 0 98 2 648 -
L30 PumSan + 20%Top+10%Cmp NZ 4 78 18 684 -
L31 MarSan + 20%Top+10%Cmp NZ 1 93 6 468 -
L32 [67] BSM USA 15 85 0 90 0.1
L33 [68] C1 Tur 14 82 4 300 0.7
L34 C3 Tur 7 90 3 380 0.7
L35 C4 Tur 21 75 4 140 0.7
L36 [69] Media I China 4 96 0 285 -
L37 Media II China 10 90 0 99 -
L38 Media III China 39 61 0 4 -
L39 Media IV China 11 89 0 39 -
L40 Media V China 28 72 0 11 -
L41 Media VI China 15 85 0 51 -
L42 Media VII China 48 52 0 3 -
L43 [70] - Can 3 97 0 550 0.5
Min 0 51 0 3 0.1
Median 5 89 0 340 0.6
Max 48 100 47 4890 1.2
1 < 0.063 mm; 2 0.063 < d < 2.0 mm; 3 > 2.0 mm.
Table A3. Media Characteristics of Pilot Scale Bioretention Trials.
ID Citation Reference Location Fines 1 Sand 2 Gravel 3 KS d (m)
% % % mm/h m
P1 [71] - Korea 11 89 0 90 0.8
P2 [72] Gravel Aus 0 0 100 >180 0.8
P3 Sand Aus 0 96 4 >180 0.8
P4 Loam Aus 10 90 0 45 0.8
P5 [73] - USA 19 81 0 - 0.6
P6 [74] RM10 Aus 3 98 0 264 0.7
P7 K40 Aus 9 91 0 461 0.7
P8 WTR30 Aus 2 98 0 424 0.7
P9 [75] Base Mix A Can 5 95 1 - 0.5
P10 Base Mix B Can 4 91 5 - 0.5
P11 [76] Bioinfiltration Mix USA 34 66 0 - 0.9
P12 Engineered Media USA 8 92 0 - 0.8
P13 [77] Sandy Loam USA 38 62 0 - 0.7
P14 Sand (UV) USA 2 98 0 - 0.7
P15 Sand (IWS) USA 7 93 0 - 0.7
P16 [78] Control China 11 62 - 840 0.8
P17 Biochar China 9 52 - 3280 0.8
Min 0 0 0 45 0.5
Median 8 91 0 264 0.74
Max 38 98 100 3280 0.9
1 < 0.063 mm; 2 0.063 < d < 2.0 mm; 3 > 2.0 mm.
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Appendix B. SWMM Model Response to Design Rainfall Events
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Figure A1. Modelled hydraulic response of bioretention systems in response to a 30-year return period
60-min duration storm event for Newcastle, UK. (a) Rainfall depth; (b) system inflow and outflow;
(c) ponding height; (d) overflow; and (e) volumetric water Content (VWC) of the fill media.
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Figure A2. Modelled hydraulic response of bioretention systems in response to a 100-year return period
60-min duration storm event for Newcastle, UK. (a) Rainfall depth; (b) system inflow and outflow;
(c) ponding height; (d) overflow; and (e) volumetric water content (VWC) of the fill media.
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